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Chapter 1About this thesis
1.1 Composition of this workThis doctoral thesis consists of the introduction and the following researchpublications [1, 2, 3, 4, 5, 6, 7]:1. Radiative symmetry breaking and the b→ sγ decay in the gener-alized GMSB models, by Homayoun Hamidian, Katri Huitu,Kai Puolamäki and Da-Xing Zhang. Published in PhysicsLetters B448 (1999) 234, hep-ph/9808341.General class of models with gauge mediated supersymmetry breakingis studied. The radiative symmetry breaking mechanism and the parti-cle spectra predicted by this class of models is studied and the b→ sγdecay branching ratio in these models is also calculated.2. SO(10) GUTs with gauge mediated supersymmetry breaking,by Mariana Frank, Homayoun Hamidian and Kai Puolamäki.Published in Physics Letters B456 (1999) 179, hep-ph/9903283.A general class of SU(10) grand uniﬁed theories is investigated withinthe framework of gauge mediated supersymmetry breaking. A mostgeneral messenger sector is assumed and the Standard Model gaugegroup is embedded into either SU(2)L×SU(2)R×U(1)B−L or SU(2)L×
U(1)I3R × U(1)B−L left-right symmetry groups. It is found that therequiring of the perturbativity of the gauge couplings and the gaugeuniﬁcation leads to an almost unique messenger sector and testablepredictions for the sparticle masses.3. The supersymmetric spectrum in SO(10) GUTs with gauge medi-ated supersymmetry breaking, by Mariana Frank, Homayoun2
Hamidian and Kai Puolamäki. Published in Physical ReviewD60 (1999) 095011, hep-ph/9904458.The analysis of Paper 2 is extended by studying particle spectrum andthe properties of the models in more detail.4. Phenomenological constraints on SU(5) GUTs with non-universalgaugino masses, by Katri Huitu, Yoshiharu Kawamura, Ta-tsuo Kobayashi and Kai Puolamäki. Published in PhysicalReview D61 (1999) 035001, hep-ph/9903528.Phenomenological aspects of supersymmetric SU(5) grand uniﬁed the-ories are studied with non-universal gaugino masses. For large tan β,constraints arising from the requirement of a successful electroweaksymmetry breaking and the positivity of stau mass squared as well asthe b → sγ decay rate are investigated. The nature of the lightest su-persymmetric particle, neutralino or stau, is determined in the allowedregion. Examples of mass spectra are given. The study concentrates onthe large tan β scenario, and care has been taken to take the relevantnext-to leading order radiative corrections properly into account.5. Generic gravitational corrections to gauge couplings in SU(5)GUTs, by Katri Huitu, Yoshiharu Kawamura, Tatsuo Koba-yashi and Kai Puolamäki. Published in Physics Letters B468(1999) 111, hep-ph/9909227.Non-universal corrections to gauge couplings due to higher dimensionaloperators are studied in supersymmetric SU(5) theories. It is foundthat the corrections can push up the uniﬁcation scale, thus avoiding therelatively short nucleon lifetime prediction characteristic of the SU(5)GUT models.6. Critical basis dependence in bounding R-parity breaking cou-plings from neutral meson mixing, by Katri Huitu, Kai Puola-mäki and Da-Xing Zhang. Published in Physics Letters B446(1999) 285, hep-ph/9808338.The limits on the products of two λ′-type R-parity violating couplingsare derived from neutral meson mixing. It is emphasized that the choiceof the basis of quarks is important in quoting the limits.7. Higgs sector and R-parity breaking couplings in models withbroken U(1)B−L gauge symmetry, by Kai Puolamäki. Pub-lished in Physical Review D62 (2000) 055010, hep-ph/0004239.3
Four diﬀerent supersymmetric models based on SU(2)L × U(1)R ×
U(1)B−L and SU(2)L× SU(2)R ×U(1)B−L left-right symmetry groupsare studied. In these models the U(1)B−L symmetry is broken sponta-neously by the vacuum expectation value (VEV) of a sneutrino ﬁeld.Explicit formulas for masses and mixings in the physical lepton ﬁeldsare found. The spontaneous symmetry breaking mechanism ﬁxes thetrilinear R-parity breaking couplings. In particular, a potentially largetrilinear lepton number breaking coupling, which is unique to left-rightmodels, is found.
4
1.2 Some abbreviations used in this thesisCP A combined charge conjugation (C) and parity (P ) transformation. TheStandard Model is invariant under CP -transformation, except for thestrong QCD phase related to the SU(3) gauge symmetry and a phase inthe Yukawa matrices. Supersymmetric model may have more sourcesof CP -violation.FCNC Flavor-changing neutral currents, a common name for processes inwhich a quark or lepton is transformed into a quark or lepton of samecharge, but of a diﬀerent family. In the Standard Model the FCNCprocesses are strongly suppressed, making many of the FCNC processessensitive to the radiative eﬀects of non-Standard Model physics.GeV A unit of energy or mass. The mass of the proton is about 1 GeV.GMSB Gauge mediated supersymmetry breaking, a mechanism in whichthe supersymmetry breaking eﬀects are transmitted to the visible sectorby gauge interactions.GUT Grand Uniﬁed Theory. A hypothetical gauge ﬁeld theory, relevant atvery high energies, MGUT ∼ 1016 GeV, that uniﬁes the electromagnetic,weak and color interactions.LEP An electron-positron collider at CERN.LSP Lightest supersymmetric particle, which is often a neutralino. In GMSBmodels the LSP is typically the gravitino. If R-parity is conserved theLSP is a stable particle.MSSM Minimal Supersymmetric Standard Model, a supersymmetric ex-tension of the Standard Model.NLSP Next-to-lightest supersymmetric particle. In GMSB models the LSPis the gravitino, and the NLSP is typically a neutralino or the stau.QCD Quantum chromodynamics, a gauge theory of the strong, or color,interactions.QED Quantum electrodynamics, a gauge theory of electromagnetic interac-tions.
5
R-parity A quantum number, deﬁned by R = (−1)3(B−L)+2S, where B and
L are baryon and lepton numbers and S is the spin of the ﬁeld in ques-tion. Conservation of R-parity implies conservation of B −L quantumnumber, which in turn implies that the nucleon is stable.SM The Standard Model of particle physics, the gauge theory of electromag-netic, weak and strong interactions. The Standard Model describes allfundamental forces, except gravity.SUGRA Supergravity, a non-renormalizable theory of gravity obtained bylocalizing supersymmetry transformations. Gravity interactions maytransmit the eﬀect of supersymmetry breaking to the visible sector ofthe model.SUSY Supersymmetry, a symmetry relating bosonic and fermionic degreesof freedom in a quantum ﬁeld theory.SUSYLR The supersymmetric left-right model, an extension of MSSM,obeying gauge symmetry SU(2)×SU(2)×SU(4) or some of its rank-ﬁvesubgroups.VEV The vacuum expectation value of a scalar ﬁeld.
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Chapter 2Supersymmetric gauge ﬁeldtheories
2.1 Historical backgroundThe fundamental interactions of nature, apart from gravity, are describedsuccessfully in terms of relativistic gauge ﬁeld theories. The gauge theory ofelectromagnetic interactions, the quantum electrodynamics (QED), is prob-ably the most accurately tested physical theory. It is based on U(1) gaugesymmetry, having the photon as a mass-less gauge boson to mediate theinteraction between electrically charged particles. The electromagnetic in-teractions described by the QED involve vector like ( V ) fermion currentswhich conserve parity (P ). There exists another class of interactions thatbreaks the parity symmetry, namely weak interactions. These were origi-nally incorporated in the so-called Fermi theory or V −A theory, where theweak interactions are described in terms of non-renormalizable four-fermionoperators.The QED and the Fermi theory were later uniﬁed to what is currentlyknow as the electroweak theory, a gauge ﬁeld theory based on the SU(2)L×
U(1)Y [8, 9]. The fundamental spin- 12 fermions of the electroweak theory arethe three families of leptons and quarks. The theory predicts that there arethree heavy weak gauge bosons, two electrically charged and one neutral.When the electroweak gauge bosons are integrated out of the theory thereappears, apart from a charged current Fermi operator that had been observedin experiments, also a neutral current operator. The presence of this neutralcurrent interaction was ﬁrst conﬁrmed in 1973 by the detection of the reaction
νµ/νµ + N → νµ/νµ + (hadrons), where νµ/νm is the muon neutrino or itsantiparticle and N is a nucleon [10]. The electroweak gauge bosons (W±, Z)7
have been later directly observed [ 11, 12] and their properties and couplingshave been measured to a great precision.A corner stone of the electroweak theory is that the masses of gaugebosons and fermions are generated by the so-called Higgs mechanism [ 13, 14,15]. The Higgs mechanism is needed to break the SU(2)L × U(1)Y gaugesymmetry to the residual electromagnetic U(1)em symmetry. The Higgs bo-son is the only particle in the electroweak model which has not been directlyobserved so far. The search of the Higgs boson has been, and will be, oneof the top priorities in the present and planned future particle acceleratorexperiments.The electroweak theory combined with the quantum chromodynamics(QCD), the SU(3)C gauge theory of strong interactions, is known as theStandard Model (SM) of particle physics. It describes all the basic interac-tions of nature, except gravity. The parameters of the Standard Model havebeen measured and veriﬁed thoroughly, and to date it is an accurate descrip-tion of these interactions as far as any experiment can tell  at least whenmassive neutrinos are included in the model. Explaining the recent resultsof the Kamiokande underground experiment [ 16] on atmospheric neutrinosand the other indications of neutrino oscillations (the deﬁcit of solar neutri-nos [17] and the claimed observation of the νe → νµ oscillation in a laboratoryexperiment [18]) is not possible within the framework of the original versionof the Standard Model where neutrinos are strictly massless. The modelshould be modiﬁed to allow for non-vanishing neutrino masses by extendingits ﬁeld content or the underlying gauge symmetry in a way that does notspoil its well-tested predictions.The Standard Model, while providing an accurate description of nature,is not yet fully satisfactory in the sense that it has a great number of ad hocparameters. The masses and mixings of fermions, as well as the CP phasefactor taking care of the observed CP violation of weak interactions, for ex-ample, have their origins in the Yukawa couplings for which the StandardModel provides no explanation. The Standard Model does not explain grav-ity. The so-called hierarchy problem is related to the radiative corrections tothe Higgs mass: barring ﬁne-tunings the Higgs mass term receives radiativecorrections that are proportional to the scale of non-standard model physics(ΛCUTOFF).A very important step forward was the discovery of supersymmetry inearly 70's [19, 20, 21]. When implemented in the Standard Model, super-symmetry stabilizes the scalar mass terms of the scalar potential and, as itwas later discovered, it leads to a uniﬁcation of the gauge couplings near thePlanck scale [22, 23, 24].The original research papers included in this thesis concern the supersym-8
metric version of the Standard Model and its extensions. The main emphasisis put on the analysis of supersymmetry breaking mechanisms and R-paritybreaking and their experimental veriﬁcation.2.2 Hierarchy problemThere are at least two vastly diﬀerent scales in nature. One is the scale ofthe electroweak physics, described by the Standard Model, around 100 GeV,and another is the scale of gravity. In four space-time dimensions the massscale of gravity is given by Newton's constant GN [25]
GN =
1
8piM2Pl
, (2.1)where MPl is the reduced Planck scale MPl = 2.4× 1018 GeV. There is a 16orders of magnitude diﬀerence between these two fundamental scales.The problem of having two vastly separate scales is most acute in com-puting the radiative corrections to the masses of scalar particles, such as theHiggs boson. The part of the potential of the fundamental scalar ﬁeld of theStandard Model that is relevant for the Higgs mechanism reads
V = m2HHH
∗ +
1
2
f (HH∗)2 , (2.2)where H is the Higgs scalar. The gauge symmetry is broken by a non-vanishing vacuum expectation value of the Higgs ﬁeld H. The vacuum ex-pectation value of the Higgs ﬁeld contributes to the masses of the weak gaugebosons. The VEV is expected to be 〈HH∗〉 = (174 GeV)2 [25]. The mini-mization of the potential leads to the relation〈
∂V
∂HH∗
〉
= m2H + f〈HH∗〉 = 0. (2.3)The mass term −m2H must be of the order of (100 GeV)2 or less. The quantity
m2H , however, receives enormous radiative corrections from any heavy particlethat couples radiatively to the Higgs scalar. This can be seen explicitly byconsidering one-loop corrections in a toy model involving two complex scalarﬁelds φ and ϕ and a Majorana fermion ﬁeld Ψ. The relevant part of theLagrangian density reads
− L = m2φφ∗ + µ2ϕϕ∗ + 1
2
µ′ΨΨ9
+λ2φφ∗ϕϕ∗ +
1
2
λ′Ψ (φPL + φ∗PR) Ψ
+
[
1
2
λ′′ (m+ 2µ)φϕ2 + HC
]
. (2.4)At tree level the mass of the scalar φ is
m2φ =
1
2
〈
∂2V
∂Reφ2
〉
= m2. (2.5)The masses of the scalar ϕ and the fermion Ψ are at tree level
m2ϕ = µ
2, mΨ = µ
′, (2.6)respectively.The radiative correction to the mass of φ can be found, for example,by using the eﬀective potential approach [ 26]. The eﬀective potential is atone-loop level in the MS scheme
V = V0 + ∆V1−loop + . . . , (2.7)where V0 is the tree level potential given by Equation ( 2.4) and ∆V1−loop isthe one-loop radiative correction given by
∆V1−loop =
1
64pi2
∑
k=all fields
(−1)2Jk (2Jk + 1)m4k
(
ln
m2k
Q2
− 3
2
)
, (2.8)where mk are the masses of the ﬁelds in the theory, Jk are their spin and Q isthe renormalization scale. The one-loop correction ∆m2φ to the mass of thescalar φ is given by
∆m2φ =
1
2
〈
∂2∆V
∂Reφ2
〉
. (2.9)This can be divided into parts corresponding to the boson loops ( 2.10)and fermion loop (2.11), i.e., ∆m2φ = ∆m2φ/B + ∆m2φ/F:
∆m2φB =φ
ϕ
φλ2
10
+φ
ϕ
ϕ
φ
λ′′µ λ′′µ
+ . . . . (2.10)
∆m2φF =φ
Ψ
Ψ
φ
λ′ λ′
+ . . . . (2.11)
The one-loop radiative correction due to boson loops is given by
∆m2φ/B = −
1
16pi2
λ2µ2
[
1−
(
1 + 2
λ′′2
λ2
)
ln
µ2
Q2
]
+ . . . , (2.12)where only the terms proportional to µ2 have been shown. The correctionsdue to the fermion loops are in turn given by
∆m2φ/F =
1
16pi2
λ′2µ′2
(
1− 3 ln µ
′2
Q2
)
+ . . . . (2.13)The crucial point is that the corrections to the scalar masses are gener-ally proportional to the mass of the heaviest particle in the theory. Evenif the heavy particle had no direct coupling with the light degrees of free-dom in this simple theory, higher loop eﬀects would anyway introduce thisproportionality in any realistic model.The exact nature of the quadratic dependence on the radiative correc-tions is determined by the details of the renormalization scheme. In thecutoﬀ regularization [26], where the momentum integrals are cut oﬀ by thefactor e−p2/Λ2UV (p2 is the Euclidean momentum), the leading term in thecorresponding radiative correction is proportional to Λ2UV . The cut-oﬀ scale
ΛUV can be understood physically as the scale at which new physics becomesrelevant.In gauge ﬁeld theories the natural scale of new physics would be near thePlanck scale MPl. Requiring the scalar potential of the electroweak model to11
remain at the scale of 〈HH∗〉 = (7.3× 10−17MPl)2 requires thus an extremeﬁne-tuning of the counter terms that have a quadratic dependence on thescale of the beyond-the-Standard-Model physics.
2.2.1 SupersymmetrySupersymmetry [19, 20, 21] solves the ﬁne-tuning problem by requiring theexistence of an equal number of bosonic and fermionic degrees of freedom andimposing constraints on their couplings. The dangerous radiative correctionsto the masses of scalar ﬁelds generated by boson and fermion loops have anopposite sign and, if supersymmetry is strictly obeyed, they cancel each other.In the example above the supersymmetric limit is reached by choosing thedimensionless coupling constants to be equal (λ = λ′ = λ′′) and by requiringthe boson ﬁeld ϕ and Majorana fermion Ψ to have an equal mass (µ = µ′).This limit corresponds to a subset of an N = 1 supersymmetric theory deﬁnedby a superpotential
W =
1
2
mφ2S +
1
2
µϕ2S +
1
2
λφSϕ
2
S, (2.14)where φS and ϕS denote chiral superﬁelds. The superﬁeld φS contains thecomplex scalar ﬁeld φ and a Majorana fermion and ϕS contains the complexscalar ϕ and the Majorana fermion Ψ.
2.2.2 Extra dimensionsAnother solution to the hierarchy problem, much discussed in literature re-cently, is to bring the Planck scale down to the vicinity of the electroweakscale. In this case the quadratic corrections to the masses of scalars are typ-ically of the order of the electroweak masses, and the ﬁne-tuning problem isavoided.The Planck scale can be decreased by introducing extra spatial dimensionsin which only gravity can propagate, in addition to the four ordinary space-time dimensions [27, 28, 29, 30, 31]. In this scenario the Standard Modelgauge interactions, which have been tested up to the electroweak scale, areconﬁned to a narrow region, a brane, in the direction of the extra dimensions,the width being of the order of (1 TeV)−1 or less. It is experimentally knownthat the gravity obeys the four-dimensional Gauss law V (r) ∝ 1/r at scaleslarger than about one millimeter [ 32]. The extra dimensions must thereforebe compactiﬁed at a radius R . 1 mm. The Gauss law in 4 + n dimensionsis
V (r) ∝ − 1
M2+nP l(4+n)
1
r1+n
, r < R, (2.15)12
whereMPl(4+n) is the fundamental scale of gravity in 4+n dimensional space-time. The potential obeys
V (r) ∝ − 1
M2+nP l(4+n)R
n
1
r
, r > R (2.16)at the scales larger than the compactiﬁcation radius R, where
M2+nP l(4+n)R
n ∼M2Pl (2.17)is the eﬀective four-dimensional Planck mass observed at large scales.The condition (2.17) can be satisﬁed with two extra dimensions (n = 2)so that the Planck scale MPl(4+n) is close to the electroweak scale and R isconsistent with the results of gravity measurements. If there are more extradimensions, the compactiﬁcation radius is correspondingly smaller; in thelimit of an inﬁnite number of extra dimensions the radius is R ∼M−1Pl(4+n).If the fundamental scale of gravity, in this case MPl(4+n), is low enough,one does not need to introduce supersymmetry to avoid ﬁne tuning in theeﬀective quantum ﬁeld theory. Nevertheless, supersymmetry may still beneeded for the consistency of the underlying fundamental theory.
2.2.3 Composite scalarsAnother suggested solution to the ﬁne-tuning problem is that the Higgs scalardoes not exist on the fundamental level. In the so-called technicolor models,the Higgs ﬁeld is a composite object, namely a condensation of fermion ﬁeld,which transform under some hypothetical gauge group that becomes strongat scale ΛTC ∼ 1 TeV; that is, the coupling constant of the gauge groupsatisﬁes αTC(ΛTC) = g2TC(ΛTC)/(4pi) ∼ 1 [33, 34, 35, 36]. It has turned outto be diﬃcult to construct a model that at the same time generates masses forall fermions, including the top and bottom quarks, and is not in contradictionwith the experimental measurements involving electroweak gauge bosons andﬂavor changing neutral currents.2.3 Supersymmetry algebraThe supersymmetry algebra is an extension of the Poincaré algebra, i.e.the algebra of proper Lorentz transformations of SO(1, 3) and space-timetranslations [19, 20, 21, 37]. The generators of the space-time translations
Pµ correspond to four-momentum and the generators of the proper Lorentztransformations Mµν of SO(1, 3) energy-momentum tensor.13
The Coleman-Mandula theorem states that the most general Lie algebraof symmetries of S-matrix of a local relativistic quantum ﬁeld theory in fourdimensional space-time contains only the Poincaré generators and a ﬁnitenumber of internal symmetry generators that belong to a Lie algebra ofa compact Lie group [38].1 The generators of the internal symmetry arenecessarily scalars under the Poincaré group, i.e. they commute with thePoincaré generators.Within the assumptions of the Coleman-Mandula theorem there is noroom for supersymmetry, the symmetry between the bosonic and fermionicdegrees of freedom. This restriction can be avoided by allowing also anti-commutators within the deﬁning relations of the algebra. The resulting al-gebra is called a graded Lie algebra [ 39].The commuting part of the supersymmetry algebra (denoted genericallyby the generator M) is ﬁxed by the Coleman-Mandula theorem. The anti-commuting part (denoted by Q) obeys the following schematic relations:
{Q,Q} = M, [M,Q] = Q. (2.18)A minimal non-trivial supersymmetry algebra is given by the momentumgenerators Pµ and the supersymmetry generators Qα and Qα˙ (α = 1, 2)behaving like Weyl spinors under the Poincaré transformations:
[Qα, Pµ] =
[
Qα˙, Pµ
]
= [Pµ, Pν ] = 0, (2.19)
{Qα, Qβ} =
{
Qα˙, Qβ˙
}
= 0, (2.20){
Qα, Qβ˙
}
= 2σµ
αβ˙
Pµ. (2.21)The supersymmetry generators commute with the energy-momentum tensor,
[Qα,Mµν ] =
[
Qα˙,Mµν
]
= 0. These relations describe the simplest supersym-metric algebra in which there is only one set of supersymmetry generators Qαand Qα˙ (N = 1). In a more general case one can have an arbitrary number Nof such generators. A representation of the supersymmetry algebra, a super-multiplet, describes ﬁelds with N + 1 diﬀerent kinds of helicities, separatedby a half unit of spin [40]. If N ≥ 2 the multiplet of left-handed leptons orquarks would also contain their right-handed partners (plus complex scalars).Due to the supersymmetry the left- and right-handed components of the mat-ter fermions should transform similarly under the gauge group. However, itis known from experiments that the left- and right-handed fermions havediﬀerent gauge quantum numbers in the SU(2)L × U(1)Y gauge symmetry.1In the derivation of the Coleman-Mandula theorem it is further assumed that thereare ﬁnite number of particles of given mass and that there is an energy gap between thevacuum and one-particle states. 14
For this reason it is thought that only N = 1 supersymmetry has relevancefor the low-energy phenomenology.A ﬁnite element of the supersymmetry group is [ 37]
G
(
xµ, ξ, ξ
)
= ei(ξQ+ξQ−x
µPµ), (2.22)where ξα and ξα˙ are two-component anti-commuting Grassmann variables.A linear representation of the supersymmetry group is given by
Pµ = i∂µ,
iQα =
∂
∂θα
− iσµαα˙θ
α˙
∂µ,
iQα˙ = −
∂
∂θ
α˙
+ iθασµαα˙∂µ. (2.23)In group theory the covariant derivative D is an object that (anti)commuteswith the generators of the group. In the case of supersymmetry algebra onehas schematically {D,Q} = {D,Q} = {D,Q} = {D,Q} = 0, or equiv-alently, [D,G] = 0, where G is an element of the supersymmetry algebragiven in Equation (2.22). The covariant derivative can thus be used to im-pose constraints that are invariant under supersymmetry transformations. Inthe representation (2.23) the covariant derivatives are
Dα =
∂
∂θα
+ iσµαα˙θ
α˙
∂µ,
Dα˙ = − ∂
∂θ
α˙
− iθασµαα˙∂µ. (2.24)A superﬁeld is a representation of the supersymmetry algebra. A generalsuperﬁeld can be expressed as a ﬁnite series in terms of the Grassmannvariables θ and θ. A superﬁeld Φ satisfying a covariant constraint
Dα˙Φ = 0 (2.25)is called a (left) chiral superﬁeld. (A right chiral superﬁeld Φ† would satisfythe constraint DαΦ† = 0.) The chiral superﬁeld can be expressed in terms ofthe component ﬁelds as
Φ(yµ, θ) = φ(y) +
√
2θΨ(y) + θθF (y), (2.26)where yµ = xµ + iθσµθ. Here φ is a complex scalar ﬁeld, Ψ is a Majoranafermion and F is an auxiliary ﬁeld that can be eliminated using the equations15
of motion. Since D is a linear diﬀerential operator, holomorphic functions ofchiral superﬁelds are also chiral superﬁelds.In a supersymmetric theory the total action is invariant under super-symmetry transformations. The F -component of a chiral superﬁeld W (thecoeﬃcient of θ2 in the expansion with the respect of the Grassmann variables
θα and θα˙) transforms as a total derivative in inﬁnitesimal supersymmetrytransformations, i.e., δF = ∫ d2θδW = i√2∂µΨσµξ. This expression canthus be used in constructing invariant Lagrangians, because the variation ofthe total action vanishes, δS = ∫ d4xd2θδW = 0.Another total derivative can be constructed from the D-term (the coeﬃ-cient of θ2θ2) of a product of two chiral superﬁelds: ∫ d2θd2θΦ†Φ.A chiral superﬁeld contains a complex scalar (spin-0) and a Majoranafermion (spin- 1
2
). A full model that has the Standard Model as low energylimit must, of course, contain spin-1 gauge bosons as well. These are incorpo-rated in the so-called vector superﬁelds V which consist of a spin- 1
2
Majoranafermion (gaugino) and a spin-1 gauge ﬁeld. The vector superﬁelds, and thusthe spin-1 vector ﬁeld, can be required to be real, that is, they satisfy thecovariant constraint
V (x, θ, θ) = V (x, θ, θ)†, (2.27)which deﬁnes an irreducible representation of the supersymmetry algebra.In a non-supersymmetric theory a scalar or fermion ﬁeld Φ transforms ina gauge transformation as
Φ→ e−2igTaΛaΦ, (2.28)where g is the gauge coupling, Ta are the generators of the gauge group, and
Λa are some arbitrary real numbers. In the supersymmetric generalizationof the gauge transformation the ﬁeld Φ and the numbers Λa are replaced bychiral superﬁelds. Then the gauge superﬁeld V transforms as
e2gTaV
a → e−2igTaΛae2gTaV ae2igTaΛa . (2.29)The gauge superﬁelds V a appear in the Lagrangian in the form of ﬁeldstrength superﬁeld W deﬁned as
W aα ≡ D2
[
DαV
a + igfabc (DαVb)Vc
]
+O (V 3) . (2.30)For an abelian group the terms proportional to O(V 2) vanish. For a non-abelian group the the terms O(V 3) vanish identically in the so-called Wess-Zumino gauge by the deﬁning condition of the gauge [ 37]. The W aα is achiral superﬁeld, as deﬁned in (2.25), because of the property D3 = 0 of the16
covariant derivative. The most general renormalizable Lagrangian involvingchiral and gauge superﬁelds invariant under the gauge and global N = 1supersymmetry transformations can then be written in the Wess-Zuminogauge as
L =
∫
d2θd2θΦ†ie
2gTaV aΦi +
[∫
d2θ
(
1
64
W aαWaα +W (Φi)
)
+ HC
]
,(2.31)where the superpotential W (Φi) is a holomorphic function of the chiral su-perﬁelds Φi.An important consequence of the supersymmetry is that the vacuum en-ergy vanishes [41]. The Hamiltonian of a globally supersymmetric theory canbe written with the help of the anti-commutation relation ( 2.21) as
H = P0 =
1
4
(
Q1Q1˙ +Q1˙Q1 +Q2Q2˙ +Q2˙Q2
)
. (2.32)The vacuum energy is always non-negative, since it is a sum of squares ofhermitean operators. The vacuum is invariant under supersymmetry trans-formations (Qα |0〉 = 0 and Qα˙ |0〉 = 0) if and only if the vacuum energy iszero:
〈H〉 = 〈0 |H| 0〉 = 1
4
(
|Q1 |0〉|2 +
∣∣Q1˙ |0〉∣∣2 + |Q2 |0〉|2 + ∣∣Q2˙ |0〉∣∣2) = 0.(2.33)Thus in all supersymmetry preserving ground states one has a vanishing po-tential 〈V 〉 = 0 to all orders of perturbation theory. On the other hand, apotential with a positive vacuum energy 〈V 〉 > 0 implies that the supersym-metry is broken dynamically.In locally supersymmetric supergravity models the situation is somewhatdiﬀerent: the ground state of the potential may have a negative energy. Thepositive contribution of the supersymmetry breaking eﬀects to the scalar po-tential can cancel the negative contribution, resulting in a vanishing vacuumenergy. A vanishingly small vacuum energy is desirable, since it would implya very small cosmological constant. It would be consistent with observa-tional data suggesting that the cosmological constant Λ is no larger than
|Λ| . (10−12 GeV)4 [42, 43, 44, 45].2.4 Realistic models
2.4.1 Minimal Supersymmetric Standard ModelThe simplest phenomenologically viable supersymmetric model, the Mini-mal Supersymmetric Standard Model (MSSM) [ 46, 47], can be constructed17
starting from the Standard Model. The lepton and quark ﬁelds are replacedby the respective chiral superﬁelds containing a spin-0 scalar and a spin- 1
2fermion ﬁeld and the gauge ﬁelds are replaced by gauge superﬁelds contain-ing the spin-1 gauge boson and spin- 1
2
gaugino ﬁeld. The MSSM obeys the
SU(3)C × SU(2)L × U(1)Y gauge symmetry.In the Standard Model there is only one Higgs doublet, H, which gen-erates masses of quarks through the couplings uRuLH and dRdLH†. In asupersymmetric theory the latter term is, however, forbidden as it is notinvariant in a supersymmetry transformation. Therefore two Higgs doubletsuperﬁelds with opposite hypercharges are needed.The ﬁeld content of the MSSM is thus the following. The gauge ﬁelds arearranged in the gauge supermultiplets
Ga (8,1, 0),
Wa (1,3, 0),
Ba (1,1, 0), (2.34)where the numbers in parenthesis denote the SU(3)C ×SU(2)L×U(1)Y rep-resentation. The Higgs ﬁelds as well as lepton and quark ﬁelds are describedtogether with their superpartners in terms of the following chiral superﬁelds:
Hu =
(
H0u
H−u
) (
1,2,−1
2
)
,
Hd =
(
H+d
H0d
) (
1,2,
1
2
)
,
Li =
(
νLi
e−Li
) (
1,2,−1
2
)
,
Ei = e
+
Ri (1,1, 1) ,
Qi =
(
uLi
dLi
) (
3,2,−1
6
)
,
Di = dRi
(
3∗,1,
2
3
)
,
Ui = uRi
(
3∗,1,−1
3
)
, (2.35)where i = 1, 2, 3 is the ﬂavor index and the color indices have been suppressed.The most general renormalizable superpotential can then be written as
WMSSM = λeijEiL
T
j iτ2Hd + λdijDiQ
T
j iτ2Hd + λuijUiQ
T
j iτ2Hu
+µHTu iτ2Hd +W 6L +W 6B, (2.36)18
where λe, λd and λu are the Yukawa coupling matrices of leptons and quarksand W 6L and W 6B are the lepton and baryon number violating contributionsto the superpotential.One shortcoming of the MSSM is that it predicts, in contrast to the SM,the existence of baryon and lepton number violating interactions, which arestrongly disfavored by the observed stability of the nucleons. This problemis usually solved by introducing an extra symmetry, the so-called R-parity,that forbids these interactions, i.e. W 6L = W 6B = 0. The R-parity will bediscussed later in Chapter 4.In addition to the hierarchy problem, the Standard Model has a uniﬁca-tion problem: while the SU(2)L gauge coupling α2 is (in theMS scheme) uni-ﬁed to the U(1)Y gauge coupling α1 at MX ' 1013 GeV, α1(MX) = α2(MX),the SU(3)C color gauge coupling α3 misses this uniﬁcation. The color andisospin gauge couplings meet, α3(M ′X) = α2(M ′X), at scale M ′X ' 1016 GeV.This invalidates the grand uniﬁcation of the Standard Model forces, which isrequired by many candidates for an underlying theory. With the supersym-metric extension of the Standard Model all three gauge couplings meet atthe scale MGUT ' 2×1016 GeV, providing the masses of the supersymmetricpartners are around 1 TeV. The apparent uniﬁcation of the gauge couplings,
α1(MGUT ) = α2(MGUT ) = α3(MGUT ), is one of the great advantages of theMSSM as compared with the SM [22, 23, 24].The lightest supersymmetric particle (LSP) is stable, if the baryon andlepton numbers are conserved. If the lightest supersymmetric particle is theneutralino, it may contribute to non-baryonic cold dark matter density of theuniverse [48, 49]. The recent observations seem to favor an accelerating ﬂatuniverse, with matter density of about one-third of the critical density [ 50,51].Consistency with the recent evidence of non-vanishing neutrino masses [ 16]may require the addition of a gauge-singlet sterile neutrino Ni = νRi and term
WDirac = λ
D
νijNiLjiτ2Hu, (2.37)into the theory. The term (2.37) would give origin for a Dirac mass term. Aviolation of the lepton number, and thus R-parity, may generate an eﬀectiveMajorana mass for neutrinos, even without the sterile neutrino and Diracmass term.
2.4.2 Supersymmetric left-right modelAs discussed above, the MSSM does not explain, in contrast to the non-supersymmetric SU(2) × U(1) model, why the baryon and lepton numbers19
should be conserved. Furthermore, the MSSM gives no explanation for theapparent asymmetry of the interaction of the left- and right-handed fermions.Let us now discuss an extended model, the supersymmetric left-right model,that does not have these shortcomings.The so-called E-chain (. . . ⊃ E7 ⊃ E6 ⊃ SO(10) ⊃ . . .) of grand uniﬁca-tion has two physically viable symmetry breaking patterns [ 52]:
SO(10) ⊃ SU(5)× U(1) ⊃ SU(3)× SU(2)× U(1) and (2.38)
SO(10) ⊃ SU(2)× SU(2)× SU(4). (2.39)The breaking chain (2.38) leads to the SU(5) grand uniﬁed symmetry (GUT)as an intermediate step, which breaks further to the MSSM symmetry SU(3)×
SU(2)×U(1) at the scale of around 1016 GeV [53, 54, 55, 56]. In the secondbreaking chain (2.39) the SO(10) grand uniﬁed symmetry breaks, insteadto the SM gauge symmetry, to the symmetry SU(2) × SU(2) × SU(4), amaximal subgroup of SO(10), where the left- and right-handed fermions aretreated on the same footing, i.e. the resulting theory is left-right symmetric.The SU(4) part is further broken to SU(3)C×U(1)B−L, where SU(3)C is thecolor gauge group. The U(1)B−L implies the conservation of baryon numberminus lepton number, B − L, which is thus an automatic consequence ofgauge symmetry in this model. One of the SU(2) symmetry groups, denotedby SU(2)L, is associated with the ordinary weak isospin, while the other one,denoted by SU(2)R, is its counterpart for right-handed fermions [ 2, 3, 56].The gauge quantum numbers are deﬁned so that the electric charge Q, thegenerator of the gauge symmetry U(1)em of the electromagnetic interaction,is given by
Q = I3L + I3R + (B − L), (2.40)where I3L is the SU(2)L isospin quantum number, I3R is the respective
SU(2)R quantum number and (B − L) is the U(1)B−L charge. The weakhypercharge Y is deﬁned as Y = I3R + (B − L).A typical phenomenologically viable particle content of a left-right modelobeying SU(2)L×SU(2)R×U(1)B−L×SU(3)C gauge symmetry is given by
LiL =
(
νiL
eiL
) (
2,1,−1
2
,1
)
,
LiR =
(
eiR
νiR
) (
1,2, 1
2
,1
)
,
QiL =
(
uiL
diL
) (
2,1,−1
6
,3
)
,
QiR =
(
diR
uiR
) (
1,2, 1
6
,3∗
)
,20
φk =
(
φ01k φ
+
2k
φ−1k φ
0
2k
)
(2,2, 0,1) (k = 1, 2),
∆R =
(
1√
2
∆−R ∆
0
R
∆−−R − 1√2∆−R
)
(1,3,−1,1) ,
δR =
(
1√
2
δ+R δ
++
R
δ0R − 1√2δ+R
)
(1,3, 1,1) ,
∆L =
(
1√
2
∆−L ∆
0
L
∆−−L − 1√2∆−L
)
(3,1,−1,1) ,
δL =
(
1√
2
δ+L δ
++
L
δ0L − 1√2δ+L
)
(3,1, 1,1) . (2.41)The numbers in parenthesis denote the gauge quantum numbers of the rep-resentations under the SU(2)L× SU(2)R ×U(1)B−L× SU(3)C gauge group.The left- and right-handed lepton and quark superﬁelds are accommo-dated in the SU(2)L and SU(2)R doublets LiL,R and QiL,R. The two Higgsbidoublets, φ1 and φ2, contribute to the electroweak symmetry breaking byobtaining non-vanishing vacuum expectation values 〈φ011〉 = vd and 〈φ022〉 =
vu. These VEVs are controlled by the mass of the the SU(2)L gauge boson
W±L :
m2
W±L
=
1
2
g2L
(
v2u + v
2
d
)
= (81.2 GeV)2 . (2.42)The ratio of the VEVs is denoted by tan β = vu/vd like in the MSSM.The breaking of the intermediate SU(2)R × U(1)B−L symmetry into thehypercharge symmetry U(1)Y is due to the vacuum expectation value of thetriplet Higgses, 〈δ0R〉 = vδR and 〈∆0R〉 = v∆R, or to the VEV of the right-handed sneutrino, 〈ν˜R〉 = σR. The mass of the right-handed gauge boson
W±R is given by
m2
W±R
=
1
2
g2R
(
2v2∆R + 2v
2
∆R + σ
2
R
)
, (2.43)where the contribution of the bidoublet VEVs vu and vd has been ignored.The experimental lower limit on the mass of the W±R boson, obtained at theTevatron, is 715 GeV [57, 25]. The magnitude of the right-handed VEVs, v∆R,
vδR and σR, must therefore be of the order of TeV or more. Limits arisingfrom the measurements of ﬂavor changing neutral currents may constrainthe right-handed scale to be of the order of 20 TeV or higher [58, 7]. InGUT models the right-handed scale can be anything between the Planckscale and TeV-scale: in a typical model it is of the order of 1011 GeV, ﬁxedby requiring the uniﬁcation of the gauge coupling constants at some higherenergy scale [56]. 21
The particle content of the model may be expanded from what was pre-sented in (2.41) by singlet or triplet superﬁelds that have a vanishing B −Lquantum number [59, 60, 61]. The SU(2)R symmetry may in the low-energytheory be replaced by an U(1)I3R symmetry [62]. In the SU(2)L×U(1)I3R ×
U(1)B−L theory the matter ﬁeld content can in fact be similar to that of theMSSM apart from additional right-handed neutrinos [ 7].Although the supersymmetric left-right (SUSYLR) model may at lowenergies be phenomenologically indistinguishable from the MSSM, it diﬀersfrom that in many essential respects. In this model the parity symmetry,while valid at high energies, is broken dynamically in low-energy phenomena,in contrast to the SM and MSSM, where the parity violation is put in quitearbitrarily by hand. This model also involves naturally right-handed neutri-nos whose existence may be necessary for explaining the observed small non-vanishing neutrino mass. Furthermore, in the SUSYLR model the R-paritysymmetry is automatically present due to the U(1)B−L gauge symmetry whilein the MSSM it must be separately introduced as an extra symmetry. On theother hand, in the SUSYLR model the R-parity can be spontaneously broken,resulting in a predictive pattern of R-parity violating couplings, as will bediscussed in Section 4. The left-right symmetries can be used to make the su-persymmetric contribution to the CP violating phases vanish [63, 64, 65, 66].The doubly charged Higgs bosons and Higgsinos are phenomenologically par-ticularly interesting, since they can be arbitrarily light, are relatively easy toobserve and have no MSSM counterparts.
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Chapter 3Breaking of supersymmetryIf supersymmetry were unbroken, the masses of the component ﬁelds of achiral superﬁeld, like selectrons e˜1 and e˜2 and the electron e, should obeythe relation 2m2e = m2e˜1 + m2e˜2 . This would imply the existence of somesupersymmetric particles with masses of the same order of magnitude asthose of their Standard Model counterparts. This is a special case of ageneral tree-level result of the theories of chiral superﬁelds [ 67] stating
STrM2 =
∑
J
(−1)2J (2J + 1)m2J = 0, (3.1)where STr denotes so-called supertrace over the real ﬁelds of spin J andmass mJ .No such light superpartners of any Standard Model particles has beenfound, however. The current limits from the direct searches for supersym-metric particles at the LEP and Tevatron experiments on the masses of thesupersymmetric particles in the MSSM are listed in Table 3.1.The exact mass limits depend on the experimental setup and the com-position of the ﬁelds. The limits obtained from indirect measurements, suchas the width of the b → sγ decay, can sometimes be used to set better, butmore model-dependent, limits than those obtained from the direct searches,as is pointed out in Papers 1 and 4.The eﬀective supersymmetry breaking mass terms, which give the spart-ners a mass consistent with the experimental limits, must thus be at least ofthe order of the electroweak scale if the supersymmetric model is to remain aviable alternative. The tree-level scalar potential of a supersymmetric theorycan be written in terms of the D and F terms as
V =
1
2
DaD
a + FiF
i, (3.2)23
particle lower limit on masschargino (mixtures gaugino and Higgsino) 45150 GeVneutralino (mixtures gauginos and Higgsinos) 2383 GeVselectron or smuon 8489 GeVstau 71 GeVsneutrino 43 GeVstop 8790 GeVgluino 180190 GeVsquarks 230260 GeVTable 3.1: Experimental limits on the masses of supersymmetric parti-cles [25].where the indices a denote the gauge indices and i the chiral superﬁelds ofthe model. It can be shown from general arguments that if supersymmetry isbroken dynamically, the vacuum expectation value of the potential is lifted,
〈V 〉 > 0, as was discussed in Section 2.3. Therefore, one must have either anon-vanishing F-term or D-term in the minimum of the scalar potential. TheF-term supersymmetry breaking (i.e., 〈Fi〉 6= 0) does not alter the supertracesum rule (3.1) at tree level [68, 69]. The supertrace sum rule is not violatedby the D-term supersymmetry breaking [ 70] (〈Da〉 6= 0), either, if the relatedgauge symmetry is anomaly-free [ 67, 71]. Consequently, if the supersym-metry is broken spontaneously at tree level, then in any reasonable modelthere should exist light supersymmetric particles, in contradiction with theexperimental results.The tree level supersymmetry breaking is thus unacceptable from thephenomenological point of view. However, the supertrace rule ( 3.1) is ingeneral modiﬁed by radiative corrections. In a typical scenario the model canbe divided into a hidden and a visible sector. In a typical scenario the visiblesector of the model is the MSSM or some GUT model. The supersymmetryis broken in the hidden sector. By hidden sector one means the part ofthe model that has not been directly observed by the current experiments,because it contains ﬁelds that are either too heavy or too weakly coupled.When the hidden sector is integrated out, it is assumed to create, however,supersymmetry breaking mass terms of the order of 1 TeV to the Lagrangian.
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3.1 Eﬀective theory: boundary conditionsAs discussed in Section 2.2, one of the main motivations for introducing thesupersymmetry is that in supersymmetric theories the quadratic divergencesof scalar masses are canceled. In a non-supersymmetric theory the quadraticdivergences would push all scalar masses naturally close to the Planck scale,
MPl. The cancellation of quadratic divergences is one example of the so-called non-renormalization theorems, which state that the superpotential ofan N = 1 supersymmetric theory is renormalized, except by ﬁnite amounts,only by wave function renormalization [ 72].The mass terms of scalars are included in the superpotential part of theLagrangian, which can be written as
LW =
∫
d2θW (Φ) + HC. (3.3)The non-renormalization theorem can be proven heuristically by using su-perspace formalism [37]: The radiative corrections to the eﬀective action canalways be written as an integral over d4θ with no superspace delta-functions.On the other hand, LW can be written as a d4θ integral only with superspacedelta-functions. Consequently, the scalar mass terms appearing in the super-potential are not renormalized. If this property is not spoiled, the breaking ofsupersymmetry preserves naturalness. Terms that break the supersymmetrywhile preserving the naturalness of the theory are called soft supersymmetrybreaking terms.One can add to the Lagrangian ( 2.31) of a supersymmetric model in-volving chiral superﬁelds Φk and general gauge superﬁelds V the followingsuper-renormalizable terms [73]:
LSUSY =
∫
d4UklθΦ
†
ke
2gtikViΦl +
[∫
d2θ
(
1
64
NWαWα + SjWj(Φk)
)
+ HC
]
= −1
2
m˜2klφ
†
kφl +
1
2
M˜λλ+ AjWj(φk) + HC, (3.4)where the following set of dimension-zero spurions have been introduced:
Ukl = m˜
2
klθ
2θ
2
, N = M˜θ2, Sj = Ajθ
2. (3.5)The Wj denote the various terms contained in the superpotential of themodel, W = ∑jWj.The mass terms arising from the supersymmetry breaking and generatedby spurions (3.5) can be thought as constant background ﬁelds [ 74]. Theypreserve the naturalness of the theory.25
If there are no gauge singlet matter ﬁelds, then also the following dimension-three terms preserve naturalness [ 75]:
L′SUSY = Rklmφ†kφlφm +
1
2
mFijΨiΨj +mAiaΨiλa + HC. (3.6)The term proportional to mA is possible only if there exist chiral superﬁeldsin the adjoint representation of the gauge group, and the term proportionalto mF can always be rotated away by a re-deﬁnition of the superpotentialand the soft supersymmetry breaking terms in LSUSY . Most supersymmetrybreaking scenarios create an insigniﬁcantly small trilinear term Rklm. There-fore, in phenomenological studies the soft supersymmetry breaking termscontained in L′SUSY are usually ignored. This is the case also in the presentwork.The outline of a typical phenomenological study of supersymmetry break-ing is as follows. The low-energy eﬀective theory is an N = 1 supersymmetricmodel, like the MSSM or SUSYLR model. The soft supersymmetry breakingterms are generated by some mechanism, for example via some supergravitymodel or a model with gauge mediated supersymmetry breaking, at somepre-deﬁned scale. The eﬀects of the hidden sector (where supersymmetry isbroken) are integrated out at a chosen scale, leading to some pattern of thevalues of the soft supersymmetry breaking couplings. They result in a set ofparameters at the electroweak scale. One can then investigate the low-energyphenomena of electroweak interactions, set limits on the model parametersand study the manifestations of the model in the current and planned particlephysics experiments.3.2 Gravity mediated supersymmetry breakingIn the minimal supergravity scenario supersymmetry is broken at the scale
MS ∼ 1011 GeV in a hidden sector that has only gravitational interactionswith the visible sector, i.e. with the particles of the MSSM. The breakingof supersymmetry is transmitted by gravity to the visible sector resulting insupersymmetry breaking eﬀects of order of MSUSY ∼ ggravityM2S ∼ 1 TeV,where ggravity = M−1Pl .When supersymmetry transformations are made local, one ends up withnon-renormalizable theory of quantum gravity, the so-called supergravity the-ory. The gravitational interactions are transmitted by a supergravity mul-tiplet, which contains a spin-2 graviton and a spin- 3
2
gravitino. The super-gravity Lagrangian contains a unique combination of the scalar ﬁelds, called26
a Kähler potential G [76]:
G
(
φ†, φ
)
= J
(
φ†, φ
)
+ ln
|W |2
M6Pl
, (3.7)where J is in the minimal case just a quadratic sum of ﬁelds 1,
J
(
φ†i , φ
)
= M−2Pl φiφ
i∗. (3.8)The most general globally supersymmetric Lagrangian for chiral and vec-tor superﬁelds is in the limit of a ﬂat space and small gravitational couplinggiven by
L =
∫
d4θϕ†ϕK
(
Φ†e2gV ,Φ
)
+
[∫
d2θ
(
ϕ3W (Φ) + ϕ0fab (Φ)W
α
aWαb
)
+ HC
]
,(3.9)where ϕ is a so-called Weyl compensator to be discussed below, and thefunction K contains the contribution of the Kähler potential:
K = −3M2Ple−
1
3
J . (3.10)Since gravitational theory is not renormalizable, the function K and thesuperpotential W do generally contain non-renormalizable terms suppressedby factors of M−1Pl .In the simplest case the hidden sector, where the supersymmetry is brokenspontaneously, and the visible sector have mutually only gravitational inter-actions. The simplest way to accomplish this is to take the superpotentialto be a sum of hidden and visible sector superﬁelds [ 78, 79, 47], i.e.
W = h(zi) + g(yi), (3.11)where zi and yi denote the chiral superﬁelds of the hidden sector and thevisible sector, respectively. In our discussion it is suﬃcient that just onehidden sector ﬁeld, say z1 ≡ z, achieves a non-vanishing VEV and F-term:
〈z〉 = aMPl,〈
∂h
∂z
〉
= bMSUSYMPl,
〈h〉 = MSUSYM2Pl. (3.12)1J can be always shifted to the minimal form by a suitable super-Weyl transforma-tion [77]. 27
Here a and b are dimensionless parameters of the order of unity, and MSUSY ∼
1 TeV will eventually be the scale characteristic of supersymmetry breakingeﬀects in the visible sector.As a result of supersymmetry breaking the spin- 3
2
gravitino obtains themass
m3/2 = e
1
2
〈G〉MPl ' e 12 |a|2MSUSY . (3.13)The graviton remains massless.The Weyl compensator ϕ appearing in the global supergravity Lagrangian(3.9) is a non-dynamical chiral superﬁeld [80, 37, 81, 77]. It is introduced tomake the action manifestly invariant under Weyl rescaling. The Weyl rescal-ing of the metric is applied in order to (re-)normalize the gravitational cou-pling to GN = (8piM2Pl)−1 and to separate out the scalar auxiliary ﬁeld of thesupergravity multiplet. The gravitational eﬀects lead also to non-standardkinetic terms of the type (1 +O (1) 〈J〉) ∂µφ∂µφ∗ for the scalar componentsof chiral superﬁelds in the action (3.9). The Weyl rescaling is used to trans-form the gravitational coupling to the measured value and the the vacuumexpectation value of the function J to zero, restoring the correct form of thekinetic terms.The action (3.9) and the Kähler potential G given in Equation (3.7) areinvariant under Weyl rescaling. The other parameters ﬁelds transform as
J → J − τ − τ †,
W → eτW,
ϕ → e−τ/3ϕ, (3.14)where τ is an arbitrary chiral superﬁeld. All explicit mass scales M appearingin the Lagrangian are rescaled by M → e−τ/3M . The super-Weyl symmetryis broken explicitly if the Weyl compensator has a non-vanishing vacuumexpectation value, 〈ϕ〉 6= 0. The actual value of the VEV is irrelevant,since any non-vanishing VEV can be transformed to any non-vanishing chiralfunction by a properly chosen super-Weyl transformation. In particular, wecan ﬁx ϕ = 1 and then perform the super-Weyl transformation deﬁned by
τ = 1
2
|a|2, which disentangles the eﬀect of supergravity from the matterLagrangian.The tree-level eﬀective potential can be written as [ 47]
V = eφ
i∗φi/M2Pl
(∣∣∣∣∂W∂φi +M−2Pl φi∗W
∣∣∣∣2 − 3M−2Pl |W |2
)
+ (D− terms). (3.15)Using the Weyl-rescaled superpotential Wˆ ' e|a|2/2W = m2i yi + 12µijyiyj +
1
3
λijkyiyjyk + . . . the potential of the visible sector is in the leading order in28
MSUSY /MPl given by
V =
∣∣∣∣∣∂Wˆ∂yi
∣∣∣∣∣
2
+ VSUSY + (D− terms) (3.16)where
VSUSY = m
2
3/2φ
i∗φi
+
(
1
3
Aλijkm3/2φiφjφk + HC
)
+
(
1
2
Bµijm3/2φiφj + HC
)
+
(
Cm2im3/2φi + HC
)
+ . . . . (3.17)The non-renormalizable terms involving the superﬁelds of the visible sectorhave been left out from Equation ( 3.17), since they are suppressed by factorsof M−1Pl . The values of the parameters A, B and C depend on the details ofthe hidden sector. For the model described above they are given by A = (a+
b∗)a∗, B = A−1 and C = A−2, where a and b are deﬁned in Equation (3.12).They may contain complex phases originating from the hidden sector. Thesephases can lead to observable CP -violating eﬀects in the visible sector [ 82].The soft supersymmetry breaking terms due to gravity are universal,as in the Equation (3.17), if the hidden sector ﬁelds zi are singlets underthe gauge group of the visible sector. Non-singlet contributions to the softsupersymmetry breaking terms would lead to mass patterns similar to thenon-universal gaugino masses discussed in the next section.Another visible sector eﬀect generated by the minimal supergravity modelis the mass term M˜ for the gauginos:
M˜ =
1
2
e
1
2
〈G〉
〈
∂f ∗ab
∂zi
〉〈
∂G
∂zi
〉
M3Pl. (3.18)Gauginos will have mass terms if the gauge kinetic term is non-minimal(fab ∼ (O(1)zi/MPl + . . .)δab) and one of the quantities 〈∂G/∂zi〉 ∼ M−1Pl isnon-vanishing. The gaugino mass term is then naturally of the order of thegravitino mass M˜ ∼ m3/2.The minimal supergravity model predicts universal soft mass-squaredterms, gaugino mass terms and trilinear supersymmetry breaking terms.They are all expected to be of the order of gravitino mass m3/2 ∼ 1 TeV. Theuniversality is broken by radiative corrections as the supersymmetry break-ing parameters are run down from the Planck scale or the GUT scale downto the electroweak scale. 29
The minimal supergravity model provides a simple and working scenariofor the breaking of supersymmetry. It is a standard framework for analyzingthe phenomenology of supersymmetry.There is also a quantum contribution to the supersymmetry breakingmasses, namely the conformal anomaly, which generates gaugino masses atone-loop level and mass-squared terms of scalars at two-loop level [ 83, 84].This contribution is present in all hidden sector models, but in most modelsthe tree level contributions are dominant, at least as far as the scalar massterms are concerned. The conformal anomaly arises if the Weyl compensatorneeded to disentangle the supergravity from the Lagrangian has an auxiliarycomponent H, i.e.
ϕ = 1−Hθ2. (3.19)In a classical treatment the auxiliary component can be rotated away, atleast for the terms involving no explicit mass terms in the supersymmetricLagrangian. However, when the Lagrangian ( 3.9) is properly regularized, itturns out that the anomaly-mediated contributions to the gaugino mass M˜ ,scalar mass m˜2 and trilinear scalar coupling A are, schematically,
M˜ =
α
4pi
βH,
m˜2 =
1
2
dγ
d lnµ
H2,
A = −
∑
λγH. (3.20)Here β is the beta function related to the gauge coupling α, γ is the anomalousdimension, deﬁned as a derivative of the wave function renormalization Z,
γ = −1
2
d lnZ/d lnµ, and λ is the Yukawa coupling.The most obvious problem with the pure anomaly-mediated supersym-metry breaking is that the mass-squared term for a scalar transforming underan infrared-free gauge group is negative, at least if the Yukawa couplings aresmall. Examples of such scalars are the sleptons of the MSSM. One way tosolve this problem is to add a positive universal contribution to the squaredscalar masses.The most distinctive signature of the models with anomaly mediated su-persymmetry breaking in collider experiments would be light mass-degeneratewinos and almost mass-degenerate same-ﬂavor sleptons [ 85]. The gravitinosare typically quite heavy, since the supersymmetry breaking masses are sup-pressed by loop eﬀects relative to the gravitino mass.
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3.2.1 Non-universal gaugino masses and gauge couplings
in SU(5) GUT modelsIn the minimal supergravity model gaugino masses and gauge couplings unifyat the grand uniﬁcation scale, as was discussed in the previous section. Thereare, however, several viable supersymmetry breaking mechanisms that wouldlead to non-universal gaugino masses and gauge couplings at the GUT scale.One possible mechanism of that kind, studied in Papers 4 and 5 of thisthesis, is the one where gaugino masses arise from a condensation of the F -component of a chiral superﬁeld in one of the representations 24, 75 or 200in an SU(5) grand uniﬁed theory (GUT) [86, 87, 88].The gauge kinetic function fαβ is generally given by
L = 1
64
∫
d2θfαβ(X)W
αW β + HC
= −1
4
∑
αβ
Refαβ(S)F
α
µνF
βµν
−
( ∑
αβα′β′
1
4
F Iα′β′
∂fαβ(S)
∂SIα′β′
λαλβ + HC
)
+ . . . , (3.21)where 〈X〉 = S+Fθ2. The superﬁeld X (and its VEV) has been decomposedinto a singlet part XS (SS and F S) and non-singlet parts XN (SN and FN),so that X = ∑I XI . The gauge kinetic function can then be decomposed as
fαβ(X) = f0(X
S)δαβ +
∑
N
ξN(X
S)
XNαβ
MPl
+O
(XNαβ
MPl
)2 , (3.22)where f0 and ξN are functions of the gauge singlet superﬁeld XS. The sym-metric product of the product of two adjoint representations of SU(5), likethe expression WαW β in Equation (3.21), is decomposed as follows:
(24× 24)s = 1 + 24 + 75 + 200. (3.23)Thus, the non-singlet representations XN of the chiral superﬁeld X allowedas a linear term in the gauge kinetic function fαβ in Equation (3.21) are 24,
75 and 200.In the Papers 4 and 5, where the phenomenology of non-universal gauginomasses is investigated, two basic assumptions have been made. First, thesupersymmetry is assumed to be broken by the F -components of X, i.e.
F I = O(m3/2MPl), where m3/2 is the gravitino mass. The second assumption31
is that the GUT symmetry is broken at the GUT scale down to the StandardModel gauge symmetry by nonzero VEVs SN of the non-singlet scalar ﬁeld.The uniﬁcation condition for the gauge couplings at the GUT scale MGUTis given by
α−1a (MGUT )
4pi
δab = 〈Refab〉. (3.24)The correction to the universality of the gauge couplings ( δα−1a = α−1a −α−1GUT )caused by the VEVs SN of the non-singlet ﬁelds can be expressed as δα−11 (MGUT )δα−12 (MGUT )
δα−13 (MGUT )
 = α−1GUT (MGUT )
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 .(3.25)The xN's parametrize the VEVs of the Higgs ﬁelds in speciﬁc directions,
xN '
√
2ξN
(
SS
)
f0 (SS)
SN
MPl
. (3.26)Their magnitude is supposed to be of the order SN/MPl . MGUT/MPl ∼
1/100 or less.The corrections can be large enough to push the SU(5) uniﬁcation closeto the Planck scale, as shown in Figure 3.1 taken from Paper 5. The SU(5)GUT models are known to suﬀer from the fact that they typically predictthe nucleon to decay faster than is allowed by the experimental data [ 25].With the increased uniﬁcation scale the nucleon decay width falls, however,below the experimental bounds [89, 90, 91, 92, 93, 94].The gaugino mass M˜a at the uniﬁcation scale, derived from Equation ( 3.21),is given by
M˜a(MGUT )δab =
∑
Ia′b′
F Ia′b′
2Refab (S)
∂fab (S)
∂SIa′b′
. (3.27)If the supersymmetry breaking is dominated by one of the F -components therelative masses of gauginos obey relations presented in Table 3.2.The particle spectrum of models with non-universal gaugino masses andlarge tan β are analyzed in Paper 4 of this thesis. The experimental boundson the branching ratio of the decay b→ sγ and the requirement that there is asuccessful electroweak symmetry breaking and the uniﬁcation of the Yukawacouplings of the b quark and τ lepton were used to constrain the allowed rangeof parameters. The model where F24 dominates the gaugino mass generationfavors the bino as the LSP. In models where the F75 and F200 are dominantthe lightest neutralino and the lightest chargino are almost degenerate in32
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Figure 3.1: The color gauge coupling α3(MZ) and the uniﬁcation scale T =
log10 MGUT [GeV] of the gauge couplings of the MSSM as functions of θ/pi,where the non-universal contribution to the gauge couplings at the GUT scaleis assumed to originate from a linear combination to the direction 〈24〉 sin θ+
〈75〉 cos θ. The plots are given for three diﬀerent values of x2 = x224 + x275,where x24 and x75 are deﬁned in Equation (3.25). There exists a solution at
tan θ ' 1.4, denoted by dotted vertical lines, that allows a large uniﬁcationscale MGUT , while at the same time the correction to α3(MZ) is very smalldue to cancellations between 24 and 75 contributions.33
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2 M
GUT
3 M
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1 M
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2 M
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3
1 1 1 1 0.4 0.8 2.9
24 −0.5 −1.5 1 −0.2 −1.2 2.9
75 −5 3 1 −2.1 2.5 2.9
200 10 2 1 4.1 1.6 2.9Table 3.2: Gaugino masses in the case where one of the F -components dom-inates the supersymmetry breaking. The gluino mass at the GUT scale isnormalized to unity.mass. This would be a challenging situation from the experimental point ofview, since a chargino decaying into soft pions and an invisible neutralinowould be quite diﬃcult to detect [95, 96, 97].3.3 Gauge mediated supersymmetry breakingIf the eﬀects of supersymmetry breaking are transmitted from the hiddensector to the visible sector by gravitational interactions, the supersymme-try breaking scale MS must be, by dimensional arguments, of the order of
MS ∼ 1011 GeV. If the supersymmetry breaking interactions are transmittedby gauge interactions, with couplings of order αgauge ∼ 0.01, then the super-symmetry breaking scale can be considerably lower, MSUSY ∼ αgaugeMS, i.e.
MS ' 100 TeV.In the so-called gauge mediated supersymmetry breaking (GMSB) mod-els [34, 98, 99, 100, 101, 102, 103, 104, 105, 106] the supersymmetry is brokenin a hidden sector, resulting in a non-vanishing auxiliary term of some MSSMsinglet chiral superﬁeld X:
〈X〉 = S + Fθ2. (3.28)This singlet ﬁeld X is assumed to couple to the messenger ﬁelds Φi andtheir conjugate ﬁelds Φi (or to an adjoint messenger ﬁeld Q) via a Yukawainteraction:
L =
∫
d2θX
(
λiΦiΦi +
1
2
λjQ
2
j
)
+ HC. (3.29)The messenger ﬁelds have, by deﬁnition, non-vanishing quantum numbersunder the gauge symmetry of the visible sector.The spinor components of Φi and Φi form Dirac fermions with masses
mDi = λiS, while the non-vanishing F -term splits the mass of the scalar34
components into two non-degenerate values. The scalar components havethe following mass-squared matrix
Vmass =
(
Φ†i Φi
)( |λiS|2 λ∗iF ∗
λiF |λiS |2
)(
Φi
Φi
†
)
, (3.30)with mass eigenvalues
m2Si = m
2
Di
(
1±
∣∣∣∣ FλiS2
∣∣∣∣) . (3.31)The splitting of the scalar masses breaks the supersymmetry explicitly.The breaking of supersymmetry is transmitted to the visible sector by gaugeinteractions. The gaugino masses are induced at one-loop level and the scalarmass-squared terms at two-loop level through the following diagrams [ 107,108]:
M˜ =−iλ Φi
Φ˜i
−iλ
g g (3.32)
m˜2k =Φi
Φi
g g
g g + . . . . (3.33)
The loop contributions (3.32) and (3.33) can be calculated, most easily, fromthe wave-function renormalization [ 109].The renormalization group equation of the gauge coupling α is
d
d lnµ
α−1 =
1
2pi
β, (3.34)where the one-loop beta-function coeﬃcient β is given by β = 3C − SG, Cis the Casimir index for the gauge group, and SG is the sum of the Dynkinindices of all chiral superﬁelds. 35
The particle content of the model changes at the messenger mass scale
ΛM = λS, where the messenger ﬁelds decouple. The beta-function β canthus be expressed as:
β(µ) =
{
βMSSM −N , µ > ΛM
βMSSM , µ < ΛM
, (3.35)where βMSSM is the beta-function of the model, without the contribution ofthe messenger ﬁelds.Using Equations (3.34) and (3.35) and the expression (3.24) the gaugekinetic function can be written as
Ref(X,µ) =
α−1 (ΛUV )
4pi
+
βMSSM −N
16pi2
ln
λX
ΛUV
+
βMSSM
16pi2
ln
µ
λX
, (3.36)where ΛUV > ΛM is some constant scale. The gaugino mass at the messengermass scale is then given by Equation (3.27):2
M˜ =
F
2Ref(S)
∂f(S)
∂S
=
α
4pi
N
F
S
. (3.37)The contribution to scalar mass terms can be calculated analogously start-ing from the wave function renormalization term of the chiral superﬁeld Q:
L =
∫
d4θZQ
(
X,X†
)
Q†Q. (3.38)The mass-squared terms m˜2k of the scalar ﬁelds are
m˜2k = 2Ck
α2
16pi2
N
∣∣∣∣FS
∣∣∣∣2 = 2Ck M˜2N , (3.39)where Ck is the quadratic Casimir invariant of the representation of thechiral superﬁeld in question. The supersymmetry breaking contributions tothe gaugino and scalar mass terms are thus of the same order of magnitude.There is no contribution to the trilinear A-terms at the messenger massscale. Nevertheless, these terms obtain a non-vanishing values between themessenger mass scale and the electroweak scale due to radiative corrections.The gravitino mass is proportional to the product of the gravitationalcoupling constant and the F -term that breaks the supersymmetry. In theGMSB model the gravitino mass is thus typically of the order of 1 eV, mak-ing the gravitino the lightest supersymmetric particle in that model. The2It has been assumed that xi = ∣∣F/λiS2∣∣  1. The mass formulas (3.37) and (3.39)are accurate to the level of one per cent if xi . 0.85. [108]36
gravitino cannot be heavier that a few keV in order for its relic density notto over-close the universe [110]. A light gravitino would couple extremelyweakly to the gauge or matter ﬁelds, the coupling being suppressed by fac-tors of M−1Pl . If a pair of gravitinos is produced in a collider as a result ofa LSP neutralino decay into a gravitino and photon, it would show up asmissing energy.The mass of a gaugino is proportional to the corresponding gauge cou-pling constant and to the sum of the Dynkin indices of the messenger ﬁelds.The exact mass spectrum of gauginos depends on the choice of the messengerﬁelds. The bino, the supersymmetric partner of the U(1)Y gauge boson, isusually the lightest gaugino, and it is never heavier than gluinos due to therelatively small hypercharge gauge coupling and suppressing group theoreti-cal factors.The soft mass-squared terms of the scalars are of the order of the squaredmasses of gauginos multiplied by some group theoretical factors. Roughlyspeaking, the more gauge quantum numbers a particular chiral superﬁeld has,the heavier is its scalar component. The left-handed squarks are the heaviestsupersymmetric particles. The masses of the right-handed squarks are alwaysmore or less equal to the masses of gluinos. The left-handed sleptons and theright-handed slepton are typically lighter than squarks. The lightest of thesleptons is often the supersymmetric partner of the right-handed tau lepton,the stau. This is because the non-diagonal element of the 2×2 mass matrix ofstaus has a contribution which is proportional to the Yukawa coupling of thecorresponding lepton of the family in question. Since the Yukawa couplingsare the largest in the third family, the mass of the lighter of the two staumass eigenstates is smaller than the mass of the light selectron or smuon.Consequently, the lightest supersymmetric particle is in most scenarios eitherstau or possibly some of the neutralinos.All mass-squared terms evaluated at the messenger scale are accordingto Equation (3.39) non-negative. However, the heavy top quarks contributeto the renormalization group evolution of the mass-squared terms m2Hk ofthe Higgs scalars. In physically viable scenarios making it negative near theelectroweak scale as it should be in any physically viable scenario.The so-called SUSY ﬂavor problem arises when the ﬂavor-non-universalmasses of squark and slepton masses cause unacceptably large ﬂavor viola-tions for example in the µ → eγ decay or in the K −K system. The ﬂavorviolations would be in control if the relative non-universality of the massesof squarks and sleptons is at most of the order of one per mille [ 111].The GMSB contributions to the squark and slepton masses are the samefor all families, because the gauge interactions are ﬂavor-universal. Due tothe relatively low value of supersymmetry breaking in the GMSB theories37
(as compared for example with the SUGRA GUT models) the universalityis maintained as mass parameters evolve from the messenger scale to theelectroweak scale. The only non-universality originates from the Yukawacouplings. The contribution related to gravity is of the order of M2S/MP , andit is less than one per mille, as required, if the supersymmetry breaking scalein the hidden sector is of the order of MS ∼ 1015 GeV or less.Another attractive feature of the GMSB theories is that they do notintroduce any extra complex phases in addition to the one present in thenon-supersymmetric Standard Model. There can be a phase in the VEV ofthe singlet ﬁeld 〈X〉 that contributes directly to the gaugino mass terms.Nevertheless, if there is only one such ﬁeld  as is the case in the simplestmodels  this extra phase can be rotated away and it is thus not observablein the visible sector.The set of messengers is a priori unrestricted. In the so-called minimalGMSB model [104, 105, 106] the messenger ﬁelds transform according to therepresentation 5 + 5 of SU(5). The representation 5 decomposes under theMSSM gauge group as 5 = L +D, where the L denotes a ﬁeld that has thesame gauge quantum numbers as the lepton doublet and D the ﬁeld withgauge quantum numbers common with the right-handed down-quarks. Inthe minimal model the Yukawa couplings related to the messenger multiplet
5 are required to unify at the GUT scale, i.e., λD(MGUT ) = λL(MGUT ).In Paper 1 and in [112] the following general set of messenger ﬁelds isconsidered:
nQ : Q+Q = (3,2,
1
6
) + conj.,
nU : U + U = (3,1,−2
3
) + conj.,
nD : D +D = (3,1,
1
3
) + conj.,
nL : L+ L = (1,2,−1
2
) + conj.,
nE : E + E = (1,1, 1) + conj., (3.40)where the multiplicities of the messenger ﬁelds are denoted by nQ, nU , nD, nLand nE and the numbers in parenthesis denote their SU(3)C×SU(2)L×U(1)Yquantum numbers.One can set lower limits on the multiplicities of various messenger ﬁeldsby requiring that all gauginos obtain a non-vanishing mass. Given ﬁxedgauge couplings at the electroweak scale, the messenger ﬁelds increase thevalue of gauge couplings at the GUT scale. One can thus set upper limitson the number of messengers by requiring that the gauge couplings remain38
perturbative up to some high scale, like the Planck scale. There are 53 setsof messenger multiplicities that satisfy these requirements. Some of thesesets are redundant, since they result in a similar pattern of supersymmetrybreaking mass terms. Taking this redundancy into account one is left with32 diﬀerent possibilities.3In Paper 1 the radiative symmetry breaking and the width of the ra-diative decay b → sγ are analyzed. The GMSB mechanism creates neithera non-vanishing bilinear supersymmetry breaking term, nor a bilinear termin the superpotential. If the bilinear supersymmetry breaking term is as-sumed to vanish at the messenger mass scale, the particle spectrum and
tan β parameter of the model can be ﬁxed for given messengers multiplici-ties, supersymmetry breaking scale and sign of the mu-term.Papers 3 and 4 of this thesis analyze the gauge mediated supersymmetrybreaking mechanism in the framework of the SO(10) GUT with an interme-diate SUSYLR symmetry. Two fundamental scales were assumed to existin the theory, the scale of Grand Uniﬁcation near the Planck scale and themessenger scale near the electroweak scale. At the intermediate energies thetheory is assumed to be the SUSYLR model with the messenger ﬁelds added.Below the messenger scale the model is eﬀectively the MSSM.The requirement of radiative symmetry breaking, perturbativity up tothe GUT scale, uniﬁcation of gauge couplings scale and the experimentallower limit on the mass of the stau scalar leads to a very restricted set ofmessenger multiplicities. This makes the scenario a predictive alternativeto the models motivated by the MSSM. All models have a NLSP that iseither stau or neutralino, the charged slepton being also light (the LSP is thegravitino). Squarks and gluinos have mass of 600 GeV or more, and the restof the supersymmetric and Higgs particles have a mass between the mass ofthe electroweak gauge bosons and that of squarks.
3The messenger multiplicities could be further constrained by requiring that they forma complete representation of some GUT group, like SU(5) or SO(10), or that the gaugecouplings unify at some scale. 39
Chapter 4R-parity symmetry
4.1 Baryon and lepton numbersIn the Standard Model the conservation of baryon (B) and lepton (L) num-bers are accidental symmetries. Given the gauge symmetry and the particlecontent, the model does not allow renormalizable interactions that violatedeither the baryon or lepton number. In the MSSM the additional squark,slepton and Higgsino ﬁelds make the renormalizable baryon and lepton num-ber violating interactions possible. It is assumed that the baryon and lep-ton number violations are suppressed by the conservation of the so-calledR-parity [113, 90, 114]. The R-parity is a multiplicative quantum numberdeﬁned by R = (−1)3(B−L)+2S where B and L are baryon and lepton numbersof respective ﬁelds and S is their spin.Nevertheless, there is no a priori reason for R-parity to be conserved. TheR-parity can in fact be violated, as long as the R-parity breaking couplings aresuﬃciently small, so that their eﬀects have not yet been seen in experiments.There are two kinds of breaking mechanisms of the R-parity, explicit andspontaneous.In the spontaneous R-parity violation the lepton number is broken due toa non-vanishing vacuum expectation value of a neutral scalar ﬁeld, such assneutrino, that carries a lepton number. The spontaneous R-parity violationconserves the baryon number, since a non-vanishing VEV of a ﬁeld carry-ing color quantum number would violate the SU(3)C gauge symmetry. InMSSM all scalar ﬁelds carrying color charge are electrically charged: spon-taneous violation of baryon number at tree level would thus also violate theconservation of U(1)em electromagnetic gauge symmetry.If the full Lagrangian of the model contains R-parity violating terms thatcannot be expressed in terms of VEVs by a suitable rotation of superﬁelds,40
then the R-parity is said to be broken explicitly.The gauge symmetry allows the following renormalizable R-parity violat-ing terms in the superpotential of MSSM:
W 6R = W 6L +W 6B, (4.1)where
W 6L = λijkEiLTj iτ2Lk + λ
′
ijkDiQ
T
j iτ2Lk + kLkHu (4.2)and
W 6B = λ′′ijkUiDjDk. (4.3)The terms appearing in W 6L violate lepton number, while W 6B violates thebaryon number. Since existence of both baryon and lepton number violatingcouplings would lead to a rapid nucleon decay [ 90, 89, 115], one must assumethat either baryon or lepton number violating terms vanish to a high accuracy(W 6B = 0 or W 6L = 0).The trilinear R-parity violating Yukawa couplings can be constrained us-ing the results of low energy experiments, for example in the Paper 6 ofthis thesis bounds were derived on the products of the λ′-type couplings us-ing experimental results on the mass diﬀerence in the K −K and Bd − Bdsystems.There are also the corresponding R-parity violating soft supersymmetrybreaking contributions to the scalar potential:
V6L = AijkEiLTj iτ2Lk + A
′
ijkDiQ
T
j iτ2Lk +BkLkHu (4.4)and
V6B = A′′ijkUiDjDk. (4.5)The lepton doublets Li and the Higgs doublet Hd have the same quantumnumbers. If the lepton number is broken (W 6L, V6L 6= 0) the Higgs and leptonﬁelds are no longer unambiguous, and they can be re-deﬁned by unitaryrotation of L = (HdL1L2L3)T .4.2 Gauged R parity symmetryThe R-parity symmetry is a continuous global U(1) symmetry, where eachﬁeld has a U(1) quantum number proportional to the B−L quantum number.If the global symmetry is broken spontaneously, a massless Goldstone scalar,a majoron (J), should exist [116, 117, 118]. This implies a novel decaychannel h → JJ for the Higgs scalar h. The sneutrino acquiring a VEVmust be a SU(2)L × U(1)Y singlet, i. e. a right-handed sneutrino, since41
otherwise the majoron would contribute to the invisible decay width of the
Z boson.A more elegant solution to the proton decay problem is to have the R-parity as a local, instead of a global, symmetry. The R-parity is then adiscrete subgroup of the gauge symmetry. The massless Goldstone modeis absorbed into the longitudinal polarization mode of some extra neutralgauge boson. This is the case for example in the SUSYLR models, where theR-parity symmetry is a subgroup of U(1)B−L gauge symmetry. The gaugesymmetries are local, and thus protected from gravitational corrections, mak-ing them an attractive alternative for ad hoc global symmetries.
4.2.1 R-parity breaking SUSYLR modelsThe supersymmetric left-right (SUSYLR) model contains three left-handedneutrinos and three right-handed neutrinos and their supersymmetric part-ners, sneutrinos. The sneutrinos can obtain a non-vanishing vacuum ex-pectation value in the process of spontaneous symmetry breaking. In someversions of the SUSYLR it is in fact inevitable that at least one of the right-handed sneutrinos obtains a non-vanishing VEV [ 59, 119, 120, 121]. TheR-parity breaking in the SUSYLR models has been investigated in Paper 7of this thesis.The spontaneous R-parity breaking in the SUSYLR model takes eﬀectsolely through the vacuum expectation value of the sneutrino ﬁeld. The R-parity violation is manifested in the fact that the mass matrix of neutralinos ismixed with the neutrino mass matrix, and the chargino mass matrix is mixedwith the mass matrix of charged lepton. Similarly, the scalar mass eigenstatesare mixtures of the Higgs and slepton ﬁelds. The R-parity violating mixingterms in the fermion and scalar matrices are proportional to the VEV's ofthe sneutrino ﬁeld.The VEV's of the left-handed sneutrinos, 〈ν˜L〉 = σLk, contribute to themasses of the electroweak gauge bosons and light neutrinos. Taking thegauge boson masses into account and requiring that the Yukawa couplingof the top quark remains perturbative sets an upper limit on the VEVs:∑
k |σLk|2 . (168 GeV)2. Requiring the neutrino masses to remain belowtheir current experimental limits constrains the VEV to be at most of theorder of |σLe| . MeV for the electron sneutrino, of the order of |σLµ| . GeVfor the muon sneutrino and of the order of |σLτ | . 10 GeV for the tausneutrino, barring cancellations in the neutrino/neutralino mass matrix.From the phenomenological point of view the breaking of the R-parityvia a non-vanishing VEV of a left-handed sneutrino is very similar to thebilinear R-parity breaking in the MSSM. In fact, the VEV of a left-handed42
sneutrino can always be rotated into a bilinear R-parity breaking parameterand trilinear R-parity breaking terms in Equation ( 4.2) that are proportionalto the corresponding Yukawa couplings [ 122, 123].The VEV's of the right-handed sneutrinos, 〈ν˜R〉 = σR, can be of theorder of the mass of the right-handed gauge bosons. As a result of thenon-vanishing VEVs of the right-handed sneutrino, σR 6= 0, the lepton masseigenstates can be mixtures of gauginos, Higgsinos and lepton interactioneigenstates. The couplings of physical leptons, for example, to the gaugebosons of the Standard Model remain however to leading order unmodiﬁed,if the mixing is due to VEVs that are singlets under the SM gauge group.Furthermore, in the decoupling limit the couplings of charged leptons to thephysical Higgs boson approach their Standard Model values.In the SUSYLR model, in the limit where σL = 0 and the contributionof the gaugino mass terms to the neutrino masses is dominant, the neutrinoobtains via a see-saw mixing with gauginos a Majorana mass
mν ' m
2
D
M˜
, (4.6)where M˜ is an eﬀective gaugino mass term. The quantity m2D is given by
m2D =
λ2νσ
2
Rm
2
ZL
cos2 β
λ2νσ
2
R + µ
2
, (4.7)where λν is the Yukawa coupling of the neutrino and µ is the mass parameterappearing in the superpotential.The R-parity violating couplings are determined by the spontaneous sym-metry breaking. In SU(2)R × U(1)I3R × U(1)B−L model the eﬀective R-parity breaking tri-linear couplings are proportional to the Yukawa matri-ces of down-type quarks and leptons. They are naturally suppressed belowthe current experimental limit. However, the SU(2)L × SU(2)R × U(1)B−LSUSYLR-model has more interaction eigenstates sharing the hyperchargequantum number with the right-handed charged lepton. In Paper 7 it wasfound that it is possible to have a large R-parity breaking coupling that is notsuppressed either by neutrino mass constraints or small Yukawa couplings. Apotentially large R-parity violating coupling between an up- and down typequark, squark, and a charged lepton, proportional to the SU(2)R gauge cou-pling constant gR, is due to the SU(2)R wino component in the right-handedpart of the charged lepton mass eigenstate. It is given by
L = −gRxkd˜RiuciPRek +HC, (4.8)where |xk| ≤ 1, k = e, µ, τ , are dimensionless parameters and ek is the leptonmass eigenstate. The parameter xe is bound by constraints from neutrinoless43
double beta decay, but in the case of heavy lepton families ( k = µ, τ ) thevalue of the parameter xk can be of the order of unity. The coupling isthe same for all quark families ( i = 1, 2, 3) due to the universality of gaugecouplings.An advantage of the spontaneous R-parity violation realized in the SUSYLRmodel is that the baryon number is automatically protected by gauge symme-try, unlike in the MSSM. The R-parity breaking couplings can be parametrizedin terms of few parameters, and the pattern of lepton-number violating cou-plings, if observed, will be distinctive signatures of the SUSYLR models.
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Chapter 5Concluding remarksDuring the past ten years our understanding of the fundamental theories ofnature has taken great leaps forward. The Standard Model of particle physicshas become the most accurately measured physical theory. Nevertheless, thequest is far from complete. The Higgs sector of the Standard Model remainsexperimentally untested. Furthermore, there are theoretical arguments, likethe hierarchy problem, that suggest that the Standard Model will not by farbe the last word, the Theory of Everything.The supersymmetry provides a logical solution to the hierarchy prob-lem. Unfortunately, the supersymmetry brings with it over a hundred newparameters, reducing the predictability of the model signiﬁcantly. The su-persymmetry also brings problems: how is the supersymmetry broken at theelectroweak scale and are baryon and lepton numbers conserved?Most of the new parameters introduced by supersymmetric models areassociated with the supersymmetry breaking. By assuming a particular su-persymmetry breaking mechanism one can reduce the number of free param-eters from a hundred to just a few. The model becomes easier to deal withand more predictive, and it can be used as a test case in designing new exper-iments and predicting what the new physics would look like, and ultimatelygive hints of the Theory of Everything, the theory that explains all particleinteractions, including gravity. In fact, the consequences of supersymmetrybreaking might be the only direct consequence of quantum gravity theorythat we are able to measure in a foreseeable future.Another mystery relates to the apparent conservation of baryon and lep-ton numbers in nature, which is most manifestly apparent in the stability ofthe proton. The natural situation in many models is, however, that leptonand baryon number are broken, not conserved. In particular, in the minimalsupersymmetric model the lepton and baryon number (or R-parity) violatinginteractions are a priori unrestricted. Therefore one has to introduce some45
mechanism that makes these interactions small in order to comply with theexperimental data. One such mechanism is given by the supersymmetricleft-right (SUSYLR) model, where the R-parity is conserved by the gaugesymmetry and the R-parity violation, if it takes place, is spontaneous. Thepattern of R-parity breaking couplings is unique to the spontaneous sym-metry breaking mechanism, as the resulting spectrum of particle masses isa distinctive feature of the supersymmetry breaking mechanism. Observingthe consequences of these couplings at relatively low energies can thus giveinformation on the physics at the energies beyond the direct reach of theexperiments.The nature may be more complex (or simple) than we have thought. Butif something along the lines speculated in these studies is observed in thecurrent or planned accelerator or other particle physics experiments one hashere a well thought-out framework and tools for studying nature.
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